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Charge ordering, dielectric permittivity and local structure of La5/3Sr1/3NiO4 system have been 
explored X-ray charge scattering, complex dielectric impedance spectroscopy,  and extended X-
ray absorption fine structure (EXAFS) measurements, made on the same single crystal sample. 
The local structure measured by the temperature dependent polarized Ni K-edge EXAFS shows 
significant distortions in the NiO2 planes. These local distortions could be reasonable cause of 
high dielectric permittivity of the title system (ε≈100 at 5K) with the charge ordering in this 
system being a ferroelectric-like second order transition. 
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I.INTRODUCTION 
 
Stripe correlations, charge inhomogeneities and their implication on the functional properties of 
transition metal oxide (TMO) perovskites are the recent key issues in the condensed matter physics, 
with large impact on the development of new materials for advanced applications1-4. Among the 
TMOs, the La2-xSrxNiO4, popularly called nickelates, construct good example of such systems with 
complex interplay between spin-charge-lattice degrees of freedom5-16. The nickelates have been 
studied intensively, however, a substantial amount of work is dedicated to the La5/3Sr1/3NiO4, 
merely due to the fact that the system appears with robust charge stripe ordering for this doping, 
making it a suitable system to address various functions of the TMO perovskites. In addition to the 
charge ordering, the La5/3Sr1/3NiO4 shows a very high dielectric permittivity (104) in a wide 
temperature interval, that drops down at low temperature and reveals a substantial dispersion with 
frequency15. Therefore, La5/3Sr1/3NiO4 is not only a model system to study physics of low 
temperature orders, but could be also considered a promising material for future applications. 
 
Here we have studied the La5/3Sr1/3NiO4 system for its charge ordering and dielectric properties and 
made an attempt to find a correlation between these functions and the local atomic structure.  The 
system has been characterized for its charge ordering through measurements of the charge-ordering 
superstructure as a function of temperature. The same sample has been used to determine the 
dielectric properties and the local structure using respectively the impedance spectroscopy and the 
extended X-ray absorption fine structure (EXAFS). We have compared the charge ordering 
superstructure intensity with the dielectric permittivity, revealing a direct correlation. Moreover, 
from the local structural study on the title system by the polarized EXAFS, compared with the 
isostructural La2-xSrxCuO4 (LSCO), we have found that the NiO2 planes are largely distorted. The 
large local distortions indicate broken local symmetry of the title system, that could directly explain 
the anomalous dielectric properties of this system. In addition, the large local distortions could have 
strong implication on the charge stripe correlations in the system, and need to be taken into account 
for any realistic model to address correlating functional properties of the nickelates. 
 
II.EXPERIMENTAL DETAILS 
 
The single crystalline sample of La5/3Sr1/3NiO4 was grown using the floating zone method8. Crystal 
structure was determined by single crystal diffraction. The lattice parameters were determined to be 
a=b=3.8 Å, c=12.8 Å at room temperature. Temperature (accuracy of ±1K) dependent diffraction 
measurements were performed at the crystallography beam-line of the Elettra synchrotron radiation 
facility in Trieste. The diffraction data were collected in the reflection geometry, with photon energy 
of 12.4 KeV (wavelength λ~1Å), using a CCD detector assembly. Thanks to the high brilliance 
source, it was possible to record a large number of weak superstructures due to charge ordering 
around the main diffraction peaks. The dielectric impedance measurements were carried out in a 
PPMS Quantum Design cryostat using an Agilent 4248A RLC bridge as a function temperature and 
frequencies. Indium was used as electrode material for these measurements. 
 
The Ni K-edge absorption measurements were made in different polarizations at the beamline 
BL13B of the Photon Factory (Tsukuba), using normal incidence geometry. The synchrotron 
radiation emitted by a 27-pole wiggler source at the 2.5 GeV Photon Factory storage ring was 
monochromatized by a double crystal Si(111) monochromator and sagittally focused on the sample. 
The absorption spectra were recorded by detecting the Ni Kα fluorescence photons over a large 
solid angle using a 100-element Ge-pixel ar-ray detector (PAD)18. Standard procedure was used to 
extract the EXAFS signal from the absorption spectrum19 and corrected for the X-ray fluorescence 
self-absorption20 before the analysis. 
 
III. RESULTS AND DISCUSSION 
 
III.1Charge Ordering Superstructure 
 
Fig. 1(a) shows a typical x-ray diffraction image (T=100 K) below the charge ordering temperature, 
recorded by the CCD detector in a selected reciprocal space (a*-b* plane) of the La5/3Sr1/3NiO4 
system. The crystal structure was indexed using a tetragonal unit cell (F4/mmm space group). 
Besides the Bragg peaks the superstructure spots due to the charge ordering can be seen with the 
characteristic wave vector for a charge modulation qco(1,±ε,0) with ε~0.336. The superstructure 
spots are not circular, but appear diffused along the direction of the modulation, indicating 
anisotropic correlation length for the charge ordering in the a-b plane. The charge ordering 
transition can be quantified by monitoring the integrated intensity of the (2-ε, 1) superstructure peak 
(indicated by an arrow in figure1(a)) as a function of the temperature. 
The integrated intensity is plotted as a function of temperature in Fig. 1(b). The charge ordering 
appears below the TCO ~220 K. With decreasing temperature, the peak intensity continues to grow 
down to TL ~100 K and remains almost temperature independent below this temperature. The large 
transition width (∆T ~ 120 K) indicates that the charge ordering is order-disorder like. In addition, 
the data suggest that the charge ordering is not a first-order transition as in manganites, but can be 
better described as a continuous transition8. It is worth mentioning that the integrated intensity of 
the superstructure peak was shown to decrease upon cooling below ~200 K, revealed by an earlier 
X-ray scattering study14 on the La5/3Sr1/3NiO4 system, inconsistent with the present data. On the 
other hand, a very good agreement is found with previous neutron diffraction results 8-12-21. A non-
zero integrated intensity above TCO at T=225 K indicates the presence of very weak scattering at the 
expected position in the reciprocal space due to presence of dynamic and short-range charge 
fluctuations.  
 
III.2 Dielectric properties 
 
Fig. 2 summarizes the dielectric properties of the La5/3Sr1/3NiO4 single crystal. The current-voltage 
phase shift (see, e.g. Fig. 2a) reveals that, while the sample response is the one of a pure resistor 
(i.e., phase shift 0 deg) at low frequency-high temperature, it behaves like a pure capacitor (i.e., 
phase shift -90deg) at low temperature. The low temperature peak in the phase shift (accompanied 
by an upturn in the modulus of the impedance, see, e.g., Fig 2b), signature of a relaxation process, 
shows a large dispersion with frequency. Such a frequency dependent relaxation can arise from 
different extrinsic contributions, like polarization of the electrodes due to the charge injection 22, or 
oxygen defects16, internal barrier layer capacitance23, or even from a true dipolar relaxation.  
The high frequency (1MHz) dielectric permittivity is reported as inset in the Fig. 2, along with the 
integrated intensity of the charge ordering superstructure of figure 1b. The dielectric permittivity is 
as high as 14000 at high temperature, and drops down to 102 at low temperature. We can also 
observe a broad peak like feature in the dielectric constant across the charge ordering transition. 
This suggests that the dielectric response of the title system is clearly correlated with the charge 
ordering in the NiO2 plane. Something analogous was also observed in the related charge ordered 
system La1.5Sr0.5NiO424. We also stress that the low temperature-high frequency value of the 
dielectric constant, which represents the intrinsic dielectric response of the sample, is rather high 
(ε~100 ). The results are in good quantitative and qualitative agreement with Park et al.15. As to 
charge injection at the electrodes, Park et al.15 have claimed that they could get rid of the electrode 
polarization by evaporating a thin insulating layer between the sample and the electrodes. Since 
there is good agreement between our measurements on the bare sample and the results of Park et al., 
this implies that, either a frequency of 1 MHz is high enough to exclude electrode polarization for 
this sample, or, the idea of putting an insulator between the sample and the electrode may not be 
valid to eliminate electrode polarization (as pointed out in ref. 22).  
 
III.3 Local Structure 
 
In the ferroelectric systems, structural distortion breaks the average crystallographic symmetry 
(non-centrosymmetric structures), giving rise to local permanent dipoles. On the other hand, the 
La5/3Sr1/3NiO4 structure is crystallographically centrosymmetric, however, with a large dielectric 
permittivity. In such a case, study of local structure becomes crucial to find out the cause of the high 
dielectric permittivity. Similar approach was applied for other related system, BaTaO2N, exhibiting 
a dielectric constant as high as 5000, although x-ray, neutron and electron diffraction showing the 
structure being centrosymmetric25. In fact, local structure around the Ta atom, studied by EXAFS, 
revealed large local distortion, consistent with the high dielectric permittivity of the BaTaO2N 
system26. It is worth recalling that this giant dielectric response is observed in several TMO27, 
whose common feature appears to be a high static permittivity. 
 
In the case of the La5/3Sr1/3NiO4 we have focused on the local structure around the Ni in the NiO2 
planes, probed by polarized Ni K-edge EXAFS, due to the fact that the low temperature orderings 
take place in the NiO2 planes. Figure 3 shows Fourier transforms (FTs) of the Ni K-edge EXAFS 
oscillations for the La5/3Sr1/3NiO4 at 10 K and 300K, weighted by k2. The correspondent EXAFS 
oscillations are plotted in the inset, showing the good quality of the measurements. The Fourier 
transforms provide real space partial atomic distribution around the Ni site in the direction of the X-
ray polarization, modulated by the phase shift and scattering amplitude of the backscattering atom, 
as well as multiple scattering. The Ni near-neighbour distances are 1.9 Å (4 in-plane oxygen atoms), 
2.2 Å (2 apex O atoms, which are not seen in this polarization) and 3.2 Å (8 La(Sr) atoms in the 
rock-salt layers), with the peaks at longer distances being due to multiple scattering of the 
photoelectron excited at the Ni site.  
 
With polarization parallel to the NiO2 plane, the EXAFS signal due to the in-plane Ni-O bonds is 
well separated from the signal due to longer bonds and can be easily analyzed separately. The 
EXAFS amplitude depends on several factors as can be seen from the following general equation 
for polarized K-edge EXAFS19:  
χ k( )= mπ
h2
3Ni cos
2 θ i( ) So
2
kRi
2i∑ fi (k, Ri ) e
−2 Ri λ e−2k
2σi2sin 2kRi + δ i k( )[ ] 
Here Ni is the equivalent number of neighboring atoms, at a distance Ri, located at an angle (θi) 
with respect to the electric field vector of the polarized synchrotron light. S02 is an amplitude 
correction factor due to photoelectron correlation and (also called passive electrons reduction 
factor), fi(k,Ri) is the backscattering amplitude, λ is the photoelectron mean free path, and σi2 
represent mean square relative displacements (MSRD) determined by the correlated Debye-Waller 
factor (DWF) of the photoabsorber-backscatterer pairs (Ni and O). Apart from these, the 
photoelectron energy origin E0 and the phase shifts δi should be known. The above parameters can 
be either fixed or allowed to vary when an experimental EXAFS spectrum is parameterized. We 
have used conventional approach for the Ni-O EXAFS analysis considering a single distance for the 
Ni-O coordination shell (Ni = 2), where the MSRD includes the distortion effects, accounting static 
and dynamic displacements. The phase and amplitude functions were calculated by feff728, 
following by the modeling using WINXAS code29. 
 
 
The maximum number of independent parameters for the least squares fit, given by the Shannon's 
theorem Nind ~ (2∆k∆R)/π   is ~10 for the present case. Only the radial distance Ri and the σi2 were 
allowed to vary while all other parameters were kept constant (i.e., 2 parameter fit) in the 
conventional least squares fit to the experimental EXAFS (see e.g., ref. 19). The starting parameters 
were taken from diffraction experiments.  Within experimental uncertainties the average distances R 
were found to be temperature independent and similar to the one determined by diffraction 
experiments (R=1.91 Å). 
 
The temperature dependence of the Ni-O MSRD σ2Ni-O is plotted in figure 4. Before commenting, It 
is useful to recall that the EXAFS measures the broadening of the distance between two atomic 
sites, i.e. represents the distance broadening between the absorber (Ni) and the scatterer (O). In the 
presence of static structural disorder, the MSRD could be represented by a temperature independent 
(static σs2) and temperature dependent (dynamic σd2) terms, i.e., 
σ 2 = σ s
2 + σ d
2
 
The temperature-dependent part σd2 could be given by the simple correlated Einstein model as19:  
  
σ d
2
=
=
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where ω is the Einstein frequency for the Ni-O bond, mr is  the reduced mass of the Ni-O pair, and 
ΘE= =ω/kB is the Einstein temperature. To have a better idea on the local disorder in the nickelate, 
we have also plotted the Cu-O MSRD σ2Cu-O for a single crystal of LaCuO4+δ, measured using the 
same experimental setup and synchrotron run and analyzed with the same procedure (also the k- 
and R-ranges were kept similar) in Fig. 4. For further comparison, we have also reproduced data for 
La1.8Sr0.2CuO4 taken from ref. 30. 
The temperature dependence of both the measured MSRD  can be fitted (dashed line) with almost 
similar Einstein frequency for both the materials (ωNi-O=383 cm-1 and ωCu-O=402 cm-1). The striking 
difference is a large temperature offset, σ2s=0.0025 Å2 between the two datasets. It has been already 
shown that for the Cu-O pair in the La2-xSrxCuO4 (LSCO) the static component is almost 
negligible30. The large value of σ2s in the nickelate is a mere indicator of large local disorder around 
the Ni atom. The disorder could be characterized by a complex atomic displacement configuration 
with a short range order since the diffraction data do not show such distortions. It is also possible 
that the disorder occurs instantaneously and the EXAFS, being a local and fast (time scale ~10-15 s) 
probe of the atomic pair distribution function is able to see it well. While the nature of the 
displacements pattern remains an open question, requiring more experimental and theoretical 
efforts, the available experimental results clearly reveal large local disorder around the Ni atom 
within the plane. Such a large disorder could have important implication on the functional 
properties as the charge order and the dielectric response of the nickelates. And, it is reasonable to 
think that the high dielectric permittivity (ε≈100) of this system being due to the large local atomic 
configurational disorder in the NiO2 plane. Although, it is difficult to assume that the observed 
dielectric relaxation is not merely due to the Maxwell-Wagner effect induced by electrodes 
polarization, the present results do not rule out possibility of a true dipolar relaxation. Indeed, a 
recent paper31 have shown remarkable dielectric properties of charge ordered nickelates over a large 
frequency range with relaxation at high frequency. In addition, a recent paper32 has reported a 
electronic structure calculations on the title system, concluding that, in order to reproduce the 
insulating state of the nickelate a large distortion of the NiO6 octahedra should be taken into 
account. Thus, the present results have direct implication on the electronic structure of this system, 
providing important experimental feedback. 
 
IV. SUMMARY 
 
In summary we have studied La5/3Sr1/3NiO4 system by x-ray scattering, dielectric impedance 
spectroscopy and EXAFS using the same sample with the aim to find a possible correlation between 
the functional properties and the atomic structure of this system showing potentially important 
charge order and high dielectric permittivity. The system undergoes a broad charge ordering 
transition, similar to the order to disorder like. The anomalous dielectric response, characterized by 
a large value of the low-temperature high-frequency dielectric constant (102), appears to be related 
with the charge ordering in the NiO2 plane. The local structure around the nickel atom, studied by 
resolution polarized Ni K-edge EXAFS reveals large static disorder in the NiO2 plane, suggesting 
broken local atomic configurational symmetry, that could explain the dielectric properties of this 
system (ε≈100 at low temperature) and the system can be regarded as a polar glass. Also, the charge 
ordered state could be described by ordered local dipole field with the charge order transition in 
these materials being characterized by ferroelectric-like order-disorder transition, consistent with 
glassy nature of the stripe correlations. Thus, the present work appears to provide useful 
information on the local structure with correlating function of the title system (in particular, the 
dielectric properties), and could be helpful in designing materials with controlled functions through 
manipulation of the local disorder. 
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Figure captions 
 
Figure 1. 2D image of the x-ray diffraction pattern of the La5/3Sr1/3NiO4 crystal, recorded at T=100 
K by a CCD detector in a selected region of a*-b* plane (a). The diffraction spots were indexed 
using a tetragonal unit cell (F4/mmm space group) (a=b≈3.8 Å, c≈12.8 Å). Temperature evolution 
of the charge order superstructure (2-ε,1) peak intensity (indicated by an arrow) is shown in panel 
(b), revealing order-disorder like broad transition. 
 
Figure 2. Current-Voltage phase-shift (a) and Modulus of complex dielectric impedance (b) of the 
La5/3Sr1/3NiO4 sample, measured as a function of temperature at different frequencies. The dielectric 
permittivity at 1MHz are shown as an inset (panel b), along with the integrated intensity of the 
charge ordering superstructure (already shown in figure 1b). 
 
Figure 3. Fourier transforms (FTs) of the EXAFS oscillations (shown as inset) measured on the 
La5/3Sr1/3NiO4 system at 10K and 300K, showing in-plane atomic distribution around the Ni atom. 
The FTs are performed between kmin=3 Å-1 and kmax=17Å-1 using a Gaussian window and not 
corrected for the phase shifts, representing raw experimental data. The peaks 1.6 Å are due to in-
plane Ni-O bonds, while the peak at 3.2 Å  represents Ni-La(Sr) scatterings. The peak at 3.4 Å is 
due to the Ni-O-Ni multiple scattering. The first shell fit is also shown (dashed line) 
 
Figure 4. Temperature dependence of mean square relative displacements (MSRD) of the Ni-O pair 
determined by correlated Debye-Waller factors (σ2Ni-O), compared with the MSRD of Cu-O in 
LaCuO4+δ. The dashed line is a fit and represents correlated Einstein model behavior with a 
temperature independent (static) contribution. Data for La1.8Sr0.2CuO4 (ref. 30) are also shown. 
 
 




